Microarray-based genomic technology is a powerful tool for viewing the expression of thousands of genes simultaneously in a single experiment (13) . While this technology was initially designed for transcriptional profiling of a single species, its applications have been dramatically extended to environmental applications in recent years (1, 3, 4, 7, 8, 20, 23, 30, 32, 33, 46, 47, 48) . One of the greatest challenges in using microarrays for analyzing environmental samples is the low detection sensitivity of microarray-based hybridization in combination with the low biomass often present in samples from environmental settings. We previously developed a DNA-based microarray detection approach coupled with whole-community genome amplification, and we utilized this technique to analyze microbial community structure and demonstrated that it can be used for low-biomass groundwater microbial communities (41) . However, this approach could not be directly adapted and used for mRNA-based activity analyses.
A practical problem in detecting mRNAs from environmental samples by microarray hybridization is obtaining a sufficient amount of mRNAs for analysis. Some type of signal amplification prior to hybridization is needed. However, random PCR-based amplification is not an appropriate choice due to amplification bias and thus the loss of quantitative information (27, 38) . Additionally, the gene-by-gene nature of conventional PCR (while potentially useful for rRNAs) severely restricts the throughput advantages of microarray analyses for functional genes. T7 polymerase-based linear amplification is an attractive alternative because of its ability to preserve the quantitative information for various mRNA species, and this approach has been widely used in eukaryotic studies (2, 11, 28, 37, 43, 45) . In eukaryotic studies, a T7 RNA promoter sequence is attached to poly(dT) oligonucleotides, which are then used for reverse transcription of mRNAs to synthesize cDNAs. The synthesized cDNAs are in turn used as templates for mRNA amplification with T7 RNA polymerase. Generally, 1,000-fold amplification can be obtained by a single round of amplification, and a 10 5 -fold increase can be obtained by two rounds of amplification (39) . However, these approaches cannot be used for directly amplifying prokaryotic mRNAs because of the lack of a poly(A) tail in the mRNAs.
In this study, a new method, termed whole-community RNA amplification (WCRA), was developed for randomly amplifying whole-community RNAs. In this approach, a T7 RNA promoter sequence is attached to a random hexamer, which is then used for reverse transcription of RNAs. The cDNAs synthesized are in turn used as templates for linear RNA amplification with T7 RNA polymerase. This method was optimized with primers of various sizes and was evaluated using an inframe deletion mutant of Shewanella oneidensis with a mutation in a regulatory gene, artificial mixed communities, and real environmental samples from a bioreactor and a groundwater remediation site. Our results indicate that the method which we developed can preserve the original abundance relationships of mRNAs and is useful for analyzing functional activities of microbial communities.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All biological samples used in this study are listed in Table 1 . Most of the strains were grown in Luria-Bertani broth; the exceptions were Nitrosomonas europaea and Rhodopseudomonas palustris, which were grown under the conditions described previously by Ensign et al. and Kawasaki et al., respectively (9, 19) .
Microarray construction and specifications. Whole-genome microarrays for S. oneidensis MR-1 (ϳ4.9 Mb), a metal-reducing bacterium, Deinococcus radiodurans (ϳ3.2 Mb), a radiation-resistant bacterium, R. palustris (ϳ4.8 Mb), a photosynthetic bacterium, and N. europaea, an ammonium-oxidizing bacterium (ϳ2.7 Mb), were constructed as described previously (Table 1) (12, 21, 40) . The numbers of genes of S. oneidensis, D. radiodurans, R. palustris, and N. europaea spotted on slides were 4,648, 2,976, 4,752 and 2,318, respectively. Functional gene arrays (FGAs) were also constructed as previously described (30, 41) . The FGAs contained probes for various groups of genes involved in carbon, nitrogen, and sulfur cycling along with genes involved in organic contaminant degradation and metal resistance and reduction. Each FGA contained 2,006 oligonucleotide probes printed in duplicate along with 10 eukaryotic gene probes (6 probes for human genes and 4 probes for plant genes) and two highly conserved 16S rRNA gene probes as negative and positive controls.
Sampling and RNA extraction. Cells growing logarithmically under aerobic conditions were harvested by centrifugation at the maximum speed with a 5415R centrifuge (Eppendorf, Germany) for 10 s, and the pellets were then placed in liquid nitrogen. Altogether, three parallel identical experiments were performed and treated as biological replicates.
Environmental samples were obtained from the Field Research Center (FRC) site of the DOE Environmental Remediation Science Program at the Oak Ridge Reservation in Oak Ridge, TN. Detailed descriptions of the FRC are available online at http://www.esd.ornl.gov/nabirfrc/. Two types of samples were collected from the FRC site. One type was from a denitrifying fluidized bed reactor (FBR), which contained a granular activated carbon matrix. This FBR was used for removing nitrate from groundwater (41) . The FBR samples were frozen in liquid nitrogen immediately after collection and transported to the laboratory on dry ice for storage until RNA extraction. Groundwater was also collected from a heavily contaminated well (FW029) in FRC Area 1, which was repeatedly biostimulated with ethanol to increase microbial activity for uranium reduction (17) . Two liters of groundwater was collected in glass bottles and transported to the laboratory on ice. Microbial biomass was then harvested onto 0.2-m Nuclepore polycarbonate filters (Whatman, Clifton, NJ) using vacuum filtration. Cell pellets were either processed immediately for RNA or stored at Ϫ80°C.
Total RNA from laboratory-grown bacterial cells was extracted using the Trizol reagent according to manufacturer's instructions (Invitrogen, Carlsbad, CA). For R. palustris the cells were thawed in 100 l of denaturing solution (4 M guanidine isothiocyonate, 10 mM Tris [pH 7.4], 1 mM EDTA, 0.5% mercaptoethanol). The samples were then subjected to grinding and three freeze-thaw cycles before 1 ml of the Trizol reagent was added. For the environmental samples, both RNA and DNA were extracted by using a previously described procedure and separated with a QIAGEN RNA/DNA mini kit (14) . The resulting crude RNA was treated with DNase I (Ambion, Austin, TX) and then purified with an RNeasy mini kit (QIAGEN, Valencia, CA) used according to the manufacturer's instructions. The quantity and quality of RNA were assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technology, Rockland, DE) and agarose gel electrophoresis.
RNA amplification. All reagents used for RNA amplification were obtained from Invitrogen unless indicated otherwise. For first-strand synthesis we employed a 20-l reverse transcription reaction mixture containing 200 U SuperScript III, 1 l of linear acrylamide (100 g/ml; Ambion, Austin, TX), and 1 g of a primer (see Fig. 2A ) in 1ϫ first-strand buffer with 5 to 500 ng of total RNA, which was incubated at 50°C for 3 h. Second-strand synthesis was carried out in a 150-l mixture containing 40 U of Escherichia coli DNA polymerase I, 2 U of E. coli RNase H, and 10 U of E. coli DNA ligase in 1ϫ second-strand buffer, which was incubated at 16°C for 2 h. The double-stranded cDNA was polished by adding 20 U of T4 DNA polymerase and incubating the preparation at 16°C for 5 min. The reaction was stopped by adding 10 l of 0.5 M EDTA and then adding 10 l of 1 M NaOH, and the mixture was then incubated at 65°C for 10 min. The cDNA mixture was neutralized with 25 l of 1 M Tris-HCl (pH 7.5), and an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) was added. The entire mixture was transferred to a Phase Lock gel (Bio-Rad, Hercules, CA) and separated by centrifugation. To the aqueous phase, 1 l of linear acrylamide was added, followed by 0.5 volume of 7.5 M ammonium acetate and 2.5 volumes of 100% ethanol prior to storage at Ϫ20°C overnight. The cDNA was then pelleted by centrifugation for 20 min, air dried, and resuspended in 16 l of water. The in vitro transcription reaction was carried out in a 40-l mixture using a MEGAscript T7 kit (Ambion) according to the manufacturer's instructions at 37°C in a Problot24 hybridization oven (Labnet, Edison, NJ) for 16 h. Amplified antisense RNA was purified using either an RNeasy MinElute cleanup kit or an RNeasy mini kit (QIAGEN, Valencia, CA). The resulting antisense RNA was quantified by determining the absorbance at 260 nm with the NanoDrop ND-1000 spectrophotometer and/or by determining the fluorescence using Ribogreen dye (Molecular Probes, Eugene, OR).
RNA labeling and hybridization. Aliquots (5 g) of total RNA or amplified RNA were fluorescently labeled using random primers, SuperScript III (Invitrogen), and Cy3 or Cy5 dye (Amersham) to generate cDNA according to the manufacturer's instructions. Hybridization and posthybridization procedures were performed as previously described (12, 21, 41) . All microarray experiments were carried out in triplicate.
Microarray scanning and data processing. A ScanArray Express scanner (Perkin-Elmer, Wellesley, MA) was used for scanning microarray slides according to the manufacturer's instructions. Scanned images were then processed with ImaGene (Biodiscovery, Los Angeles, CA). Positive hybridization spots were determined based on the signal-to-noise ratio (SNR), which was calculated using the following formula (35) : SNR ϭ (signal intensity Ϫ background)/standard deviation of background. Spots with an SNR greater than or equal to 3 were considered positive hybridization spots (PHS). Data processing procedures, such as outlier removal, poor spot removal, and normalization, were carried out as described previously (41) . Various statistical analyses of gene expression data obtained with whole-genome microarrays were carried out using GeneSpring as described previously (12) . The FGA data from the environmental samples were analyzed as described previously (41). Data analysis. Further statistical analysis was performed for all hybridizations using methods developed in our laboratory (41) . In brief, three indexes were used for evaluating amplification representativeness. The first index is representional bias (D total ).
where LR ij is the log ratio of the signal intensity with amplified RNA to the signal intensity with unamplified RNA for the ith gene in the jth experiment, N j is the number of genes detected in unamplified RNA in the jth experiment, and D j total is the overall average representational bias for the jth experiment. The smaller the D j total , the smaller the bias. However, there is no upper limit for the value of D j total . Thus, D j total is more meaningful for relative comparisons. The second index is the percentage of significantly different genes (%SDG) in amplified RNA and unamplified RNA at a P value of 0.01; this index describes the proportion of the genes in an amplified sample that are significantly different from the genes in an unamplified RNA. The smaller the value, the less bias is introduced by amplification. The third index is the percentage of genes having a change in the ratio of amplified RNA to unamplified RNA greater than 1.5-fold, 2.0-fold, 3.0-fold, or 4.0-fold.
RESULTS
Primer design and evaluation. The WCRA approach described here consists of reverse transcription with random oligonucleotide primers bearing a T7 promoter and in vitro transcription of the resulting cDNA with T7 RNA polymerase (Fig.  1) . The primers were designed to contain the full-length T7 RNA polymerase promoter (5Ј-AAA CGA CGG CCA GTG AAT TGT AAT ACG ACT CAC TAT AGG CGC-3Ј) and six, seven, or nine random oligonucleotides (34) .
To select optimal primers for amplification, experiments were carried out with one of the primers shown in Fig. 2A using 500 ng of total RNA from S. oneidensis MR-1 as described in Materials and Methods. The amplified products were labeled with Cy5 and mixed with Cy3-labeled unamplified control RNAs. The RNA mixture was hybridized with S. oneidensis whole-genome microarray slides. A reference control experiment was also carried out by hybridizing two cDNA samples labeled separately with Cy3 or Cy5 dye from the same unamplified total RNA pool. The hybridization results revealed that the PHS covered approximately 70% of the spotted genes on slides. The results also demonstrated that about 99% of the signals were within a 1.5-fold change, and a plot of Cy3/Cy5 ratios showed data points aligned along the line corresponding to ratios close to 1:1 (Fig. 2B , upper left panel) ( Table 2 ).
In the amplified-RNA experiments with different primers, the overall amplification yields (data not shown) and percentages of PHS with primers T7N6, T7N7, and T7N9 were virtually the same (Table 2 ), but the representational bias increased noticeably with the length of primer (Fig. 2B and Table 2 ). Based on the observation that the longer primers resulted in more scattered ratios and greater representational biases, we designed a new primer to reduce the length. This primer (T7N6S) was derived from T7N6 but had only the five bases immediately upstream of the T7 promoter. As expected, a plot of the amplified RNA/unamplified RNA ratios obtained with were plotted against the order of the genes in the genome, from SO0001 to SOA0173. In the unamplified panel, hybridization was carried out with the same unamplified RNA labeled with Cy3 and Cy5. In all other panels, 500 ng of RNA was amplified using WCRA with the primers indicated, labeled with Cy5, and hybridized with unamplified RNA (Cy3).
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ANALYSIS OF MICROBIAL COMMUNITY RNAs BY WCRA 565 T7N6S showed even tighter alignment along the 1:1 ratio line than the T7N6 plot showed (Fig. 2B , upper right and middle panels). In addition, to explore the possibility of double amplification, we tested primer T7T7N6S, which was derived from T7N6S and was composed of two T7 promoter sequences in opposite orientations. However, no significant increase in amplification yields was obtained. Instead, a much greater representational bias was observed (Fig. 2B ).
The proportions of the genes whose hybridization signal ratios (experimental RNA/control RNA) were significantly different from 1 at a P value of 0.01 (SDG 0.01 ) (more than 1.5-fold, 2.0-fold, 3.0-fold, or 4.0-fold different) were calculated ( Table 2) . While these indexes were not dramatically different for different treatments with different primers, the indexes obtained with T7N6S were the closest to the indexes obtained with unamplified RNA. Based on these observations, we used T7N6S for all subsequent amplification reactions.
Amplification sensitivity and representational bias. In an experiment to determine the minimum amount of total RNA required for WCRA, we performed an amplification reaction with as little as 5 ng of S. oneidensis total RNA as the starting material, and more than 20 g of amplified products was obtained (data not shown). This sensitivity is slightly lower than that obtained with eukaryotic total RNA (2) .
In order to use WCRA for monitoring gene expression and functional activity, it is desirable that the relative mRNA abundance in the original samples is retained after amplification. To determine the minimum amount of total RNA required for WCRA while the original abundance was maintained, various amounts of RNA (10, 50, 100, and 500 ng) from S. oneidensis were used for amplification, and the amplified products were labeled and hybridized with microarrays. As mentioned above, the number of PHS in the reference experiment was 3,243 Ϯ 62 (Table 3) , representing approximately 70% of the genes spotted on the array. The representational bias for the reference experiment was 0.076 (Table 3) , which is comparable to the values obtained by multiple displacement amplification with DNA as the template (41) .
The amount of template RNA had significant effects on the overall average representational bias. The representational bias obtained with 500 ng of template RNA was similar to that obtained with the unamplified RNA ( Table 3 ). The overall average representational bias was approximately fivefold greater with 10 ng of template RNA than with 500 ng of RNA template (Table 3) . While the overall average representational biases with 50 and 100 ng of template RNA were slightly greater than that with 500 ng of template RNA, they were three-to fourfold less than that with 10 ng of RNA. In addition, SDG 0.01 increased as the amount of template RNA decreased (Table 3) . With 10 ng of template RNA, SDG 0.01 was 20% of the open reading frames (ORFs), but SDG 0.01 was less than 6% of the ORFs with amounts of RNA template ranging from 50 to 500 ng (Table 3) . Furthermore, only a small portion of the ORFs (Յ2%) showed more than a twofold difference when 50 ng or more of the template RNA was used. These results suggest that very good representative amplification can be achieved with as little as 50 ng of RNA. They also indicated that amplification with even smaller amounts of template RNA (i.e., 10 ng) can still provide representative information for most of the genes examined.
Detecting differences in gene expression between wild-type and mutant strains. Besides representational bias, compression of expression differences between RNA samples has been a major concern in RNA amplification studies (2) . To determine whether WCRA-based microarray hybridization is able to reflect expression differences between samples, experiments were carried out with RNAs from S. oneidensis wild-type and ⌬fur mutant strains. Both the mutant and wild-type strains were grown under aerobic conditions and sampled as described in Materials and Methods. Fifty or 100 ng of total RNA from the mutant was amplified, labeled with Cy5, and cohybridized with Cy3-labeled unamplified wild-type RNA on S. oneidensis The overall expression profiles for these hybridizations showed that there were significant similarities (Fig. 3A, B , and C). To quantify differences among these profiles, expression ratios obtained with amplified template RNA of the mutant (amplified mutant RNA/unamplified wild-type RNA) were plotted against expression ratios obtained with unamplified template RNA of the mutant (unamplified mutant RNA/unamplified wild-type RNA) (Fig. 3D) . The results clearly showed that the gene expression profiles for amplified products were significantly correlated (r ϭ 0.955 for 100 ng of RNA and r ϭ 0.931 for 50 ng of RNA) (data not shown) with the gene expression profiles for the reference unamplified RNA (Fig. 3D) , suggesting that the WCRA-based amplification largely retained the abundance relationships characteristic of the starting materials.
To determine whether the WCRA-based amplification significantly altered the differences in expression of highly induced or repressed genes, we selected 30 genes known to be greatly affected by a fur mutation for further analysis (36) . While the levels of expression of these genes differed slightly among the hybridizations, none of the genes showed a contradictory response (Fig. 4A ). The differences in expression of these genes were then quantitatively accessed by plotting the expression ratios for the amplified RNA (amplified mutant RNA/unamplified wild-type RNA) against the expression ratios obtained for the unamplified RNA (Fig. 4B) . Strong linear relationships were observed (for 100 ng RNA, r ϭ 0.912; for 50 ng RNA, r ϭ 0.895). These results indicated that WCRA with 50 ng or more of starting RNA is able to largely preserve the original abundance relationships.
Representational amplification with artificial communities of mixed species. To determine whether representative detection of RNAs can be achieved with mixed community samples, equal quantities of RNAs (100 ng) from S. oneidensis, D. radiodurans, R. palustris, and N. europaea were mixed, amplified, and subjected to hybridization. A mixture containing 2.5 g unamplified RNA from each species was used as a control. For all four genomes examined, similar numbers of PHS were detected using the amplified and unamplified products of each individual bacterium from these hybridizations (Table 4) . Also, the overall representational biases between the amplified treatment samples and unamplified reference samples were more or less comparable for all genomes examined. While about 7 to 18% greater representational biases for the amplified treatment samples were observed for S. oneidensis, N. europaea, and R. palustris, the representational bias of the amplified treatment sample was about 7% less than the representational bias of the unamplified reference sample for D. radiodurans. In addition, the proportions of the genes whose hybridization ratios were significantly different from the reference point at a P value of 0.01 were less than 7% for all of the genomes examined (Table 4) . Only a small portion of the ORFs (4%) exhibited a Ͼ2-fold difference across all genomes (Table 4) . These results suggest that very good representative detection can be obtained with mixed RNA templates.
Application to environmental samples. To further test the representative nature of WCRA, experiments were carried out with environmental samples containing microbial communities that were more complex than the artificial mixtures used in the experiments described above. Two different types of samples from the Environmental Remediation Science Program FRC site were tested by the WCRA procedure. The FBR samples were obtained from a continuously operated, ethanol-stimu- http://aem.asm.org/ lated, fluidized bed reactor which actively denitrified and contained large amounts of biomass. The bacterial community in these samples has been examined previously using a 16S rRNA gene clonal library (15) . Only three unique operational taxonomic units were found, including bacteria exhibiting at least 97% sequence identity to Zoogloea ramigera, Rhodobacter, and an uncultivated Azoarcus (83%), suggesting that the biological diversity in these samples was extremely low. WCRA was carried out with 5 g of amplified RNA that originated from 100 ng of starting total RNA and was hybridized to FGA slides along with 5 g of unamplified total RNA as a control. While eight genes were detected with unamplified RNA, an additional seven genes were found with amplified RNAs (data not shown). The genes that were detected were mostly involved in the reduction of nitrate, nitrite, and sulfite, as well as contaminant degradation, which is consistent with the functions of the bioreactor (15) . On the basis of the fact that more genes were detected in the amplified RNAs, this WCRA-based method appears to have advantages over conventional microarray hybridization for dissection of the bacterial community. We also used WCRA with groundwater samples collected from well FW029 at the FRC. The FRC is contaminated with a variety of organic solvents and hydrocarbons in addition to nitrate and uranium, and many wells have been repeatedly biostimulated with ethanol for uranium reduction (17, 42) . A few recent studies revealed that the microbial community is much more complex than the FBR community (17, 41) . In this experiment, 5 g of labeled amplified products from 100 ng of community RNA was hybridized on FGA slides, and a total of 39 PHS were observed ( Table 5 ). The genes that were detected were mainly genes from members of common genera, such as Pseudomonas, Rhodococcus, Burkholderia, and Streptomyces. Some of the representative genes included bmoC (benzene monooxygenase ferredoxin) from Pseudomonas aeruginosa, pcaG (protocatechuate dioxygenase alpha subunit) and clcD (dienelactone hydrolase) from Rhodococcus opacus, ppk (polyphosphate kinase) from Vibrio cholerae, estF1 (lactonespecific esterase) from Pseudomonas fluorescens, pcaG (protocatechuate 3,4-dioxygenase alpha subunit) and pcaF (beta-ketoadipyl-coenzyme A thiolase) from Streptomyces sp. strain 2065, pcaH (protocatechuate 3,4-dioxygenase beta subunit) from alphaproteobacterial strain Y3F, amnA (2-aminophenol 1,6-dioxygenase alpha subunit) from Pseudomonas sp., boxA (reductase) from Azoarcus evansii, dsr (dissimilatory sulfite reductase subunit B) from an uncultured bacterium, and an unknown gene from Ralstonia eutropha. In addition to genes involved in nitrate and sulfate reduction, most of these genes encode enzymes which degrade various organic chemicals. This is in agreement with the nature of well FW029 at the FRC, where compounds such as organic solvents and hydrocarbons probably are some of the prominent sources of carbon in this otherwise highly oligotrophic environment.
It is worth noting that a few sets of genes whose products participate in the same metabolic pathways were revealed by hybridizations with amplified RNAs. The largest group contained five genes, pcaG and pcaL (3-oxoadipate enol-lactone hydrolase/4-carboxymuconolactone decarboxylase) from R. opacus, pcaG and pcaF from Streptomyces sp. strain 2065, and pcaH from alphaproteobacterial strain Y3F. All of these genes are involved in aromatic compound degradation via the catechol or protocatechuate branch of the 3-oxoadipate pathway (6, 10, 18) . Except for pcaL, all of these genes were detected in our previous study using genomic DNA hybridization (41) .
Other sets included cbdS (transcriptional activator) and cbdC (NADH acceptor reductase) from Burkholderia sp. strain TH2 and boxA and boxB of A. evansii. While cbdC is a member of the cbdABC operon, whose products function in the halobenzoate metabolic pathway, CbdS is the regulatory protein controlling the operon (31). The boxA and boxB genes belong to the same operon in A. evansii. Physiologically, BoxBA act as a benzoyl-coenzyme A dioxygenase/reductase which also plays a role in aromatic metabolism (44) . However, only boxA was identified in hybridizations with genomic DNA. Unfortunately, only a few such genes from the same operons were represented on the FGA, but these types of genes appear to be useful for testing the reliability of amplification methods.
DISCUSSION
Recently, several RNA amplification approaches have been developed to generate the microgram quantities of RNA required to perform microarray hybridizations. The method most commonly used is derived from a protocol first described by Eberwine's group, which utilizes DNA-dependent phage (T7) RNA polymerase because of its extremely high specificity for its cognate promoter sequence (34) . After modification, the method has been successfully used for microarray studies when too little RNA was available to perform the analysis using conventional labeling protocols (2, 22, 25) . Furthermore, use of additional rounds of amplification with much smaller amounts of RNA has been shown to give reproducible results for a single RNA sample (24, 37) . However, the approaches using T7 RNA polymerase developed so far do have one major limitation: they are all designed for eukaryotic mRNA using poly(T) primers and therefore cannot be used for prokaryotic systems. One attempt to overcome this limitation has been described, and in this attempt additional steps that added a poly(A) tail to total RNA from prokaryotic or environmental samples were used (5). This method requires up to 2 g of gel-purified RNA for the poly(A) tailing reaction, and amplification is achieved by PCR, which tends to distort abundance relationships. Theoretically, this technique is applicable to mRNA and therefore to transcriptomic analyses of environmental samples. However, the feasibility of the method was established with the 16S rRNA gene. It is not known whether the sensitivity of the method is sufficient for mRNA-based microarray analysis. In addition, an attempt by Moreno-Paz and Parro to use random-primed reverse transcription coupled to in vitro transcription has been reported recently (26) . In this approach the workers employed the same strategy that we used in this study for amplification of a small quantity of bacterial RNA. The primer used for first-strand cDNA synthesis by Moreno-Paz and Parro was T7N9, with which we have performed amplification successfully. However, our systematic analysis revealed that T7N9 introduced a higher level of representational bias in amplified products than T7N6 and T7N7 introduced. Based on the observation that the longer the primers are, the higher the levels of representational bias are, we designed a new primer, T7N6S. The representational biases of amplification with T7N6S were significantly reduced. Although different primers were used in these two studies, a common conclusion was drawn, that random-primer-based RNA amplification is reliable and powerful enough to allow workers to perform microarray analyses with environmental samples. In the present study, we developed a technique (WCRA) capable of amplifying small amounts of environmental prokaryotic RNA without significantly distorting the abundance relationships among different mRNA species. Our results indicated that primer lengths have significant effects on amplification representativeness. The shorter primer (T7N6S) had significant advantages in terms of amplification evenness. In addition, our results demonstrated that the amplification bias increased as the amount of template RNA decreased, suggesting that the amount of starting material is critical for WCRA reproducibility. With this approach, representational amplification can be achieved with 50 ng or more of prokaryotic RNA, although amplification was successfully carried out with 5 ng of RNA. Compared to eukaryotic mRNA amplification using a poly(dT) primer, this method requires significantly more starting material for representational amplification (2) .
One of the main applications of microarray analysis is identification of transcripts whose abundance is different in different samples. It has been reported that the differences decrease when less starting RNA is used for amplification (11, 16, 24, 29, 37 ). An examination of transcriptional profiles for S. oneidensis wild-type and fur mutant strains revealed that WCRA with 50 ng or more of RNA as the starting material was able to largely preserve the expression differences identified by microarray analysis of unamplified RNA. The compression effects of the method reported here are in good agreement with those reported previously (11, 16, 28, 29) .
One of our main goals is to use microarray technology to monitor functional activities of microbial communities in natural settings. However, it is difficult to assess microbial communities in many natural samples because of the extremely low biomass or because of difficulty in extracting sufficient quantities of high-quality nucleic acids for microarray analysis. Functional gene microarrays and DNA-based amplification protocols have been developed to detect microorganisms in environmental samples (41) . Thus, approaches for amplifying prokaryotic RNAs, followed by microarray hybridization, are needed. As a confirmative step for analysis of real environmental samples, we examined whether representative amplification can be obtained using this approach with mixed mRNAs from four known species. Our results indicated that good representative detection can be obtained with mixed RNA templates.
Although some noticeable amplification biases were introduced by other bacterial RNAs, WCRA with mixed RNAs remained largely representative. Moreover, the effects in WCRA appeared to be species independent since the biases were consistent for profiles of all four bacteria in the mixture. Thus, WCRA is able to dissect the differences among genomes and should be applicable to environmental samples, although further tests with artificial communities having more complex structures may be needed.
A direct examination of the applicability of WCRA for the FBR samples revealed a significant difference between the number of genes identified in the amplified RNA and the number of genes in unamplified RNA. Fifteen genes were identified using WCRA, eight of which were also detected in the unamplified control sample, suggesting that WCRA provides higher detection sensitivity. The most likely reason for the increased sensitivity is the possible interference of residual contaminants with reverse transcription in the unamplified RNAs isolated from environmental samples. It is known that residual levels of contaminants can still be present in the nucleic acids purified from environmental samples by many commonly used purification methods. In this case, the residual level of contaminants, if they were present, would have been 50 times higher in the unamplified RNA samples than in the amplified samples because 50 times more original RNA was used. It is also likely that the mRNA levels of the additional seven genes in the unamplified sample were below the detection threshold and that amplification increased the levels to levels greater than the limit of detection.
A significant difference in the number of genes identified from an FW029 groundwater sample using unamplified genomic DNA (61 genes) (41) and amplified RNA (39 genes) was also observed. This difference was most likely due to the fact that many populations may not have been active and thus were not detected by mRNA-based microarray hybridization. Moreover, only a small proportion of these genes overlapped. The genes detected by RNA hybridization but not by DNA hybridization could have represented genes from minor populations (whose levels of DNA were below the detection limit of the FGA) that were detectable due to the highly upregulated levels of expression of the genes.
In summary, WCRA proved to be a reproducible and reliable method for amplification of prokaryotic RNA from pure cultures for differential gene expression. Use of this approach to detect the community activities in an ethanol-stimulated groundwater sample demonstrated that it is useful for analyzing functional activities of microbial communities. This is one of the first demonstrations that the microarray-based technology can be used to successfully detect the activities of microbial communities from real environmental samples in a highthroughput fashion. It is expected that such a technology should be particularly useful when microbial samples are limited. While further improvements in data comparison and analysis are needed, broad applications to environmental samples under different conditions to address ecological and environmental questions are critical to realize the full potential of this new approach for microbial ecology studies.
